OVERVIEW
The past few years have seen widespread adoption of rotational beam-delivery techniques such as tomotherapy and volumetric modulated arc therapy (VMAT) for the delivery of extracranial intensity modulated radiotherapy (IMRT) treatments, resulting in better quality plans and more efficient delivery than previously possible with stationary beams. Because these techniques require the use of coplanar beam arrangements, there has been a reduction of interest in application of noncoplanar beam arrangements. Some argue, however, that noncoplanar beams improve dosimetry quality for IMRT treatments and thus should be used more extensively, and this is the premise debated in this month's Point/Counterpoint.
Arguing for the Proposition is Ke Sheng, Ph.D. Dr. Sheng received his M.S. and Ph.D. degrees in Medical Physics from the University of Wisconsin, Madison. He then worked as a faculty medical physicist at the University of Virginia, Charlottesville until 2011 at which time he moved to his current position as Associate Professor at UCLA. He is certified by the American Board of Radiology in Therapeutic Radiologic Physics. His major research interests include innovations in cone beam MVCT imaging, stereotactic body radiosurgery and motion management, modeling lung motion during radiotherapy, 4π radiotherapy planning and delivery, and small animal irradiation, for which he has numerous grants and has published over 60 papers in peer-reviewed journals. 
Opening Statement
In principle, coplanar beam geometry is a subset of noncoplanar solution space and the latter should yield superior dosimetry. The dosimetric advantages of noncoplanar beam geometries have been clearly demonstrated for intracranial treatments via Gamma Knife and Linac machines.
1 As a result, noncoplanar beams are systematically used for intracranial stereotactic radiosurgery treatment.
The usefulness of noncoplanar beams in extracranial treatments, however, is less clear. I believe that differing utilization rates of noncoplanar beams in intracranial and extracranial treatments are due, not to the noncoplanar approach itself, but to the limited quality and quantity of noncoplanar beams applied to practical extracranial plans. Since hemispherical beam templates typically utilized in intracranial radiosurgery are not feasible for extracranial treatment, the beam orientation has to be selected. Unfortunately, manual selection of noncoplanar beam orientations is neither intuitive nor optimal. Automated beam orientation optimization has been previously researched, but more practical and robust beam orientation optimization algorithms to solve the complex integrated noncoplanar beam orientation and fluence optimization problem were not reported until recently. Breedveld et al. 2 developed an automated beam orientation and optimization program, termed iCycle, to manage a large number of noncoplanar beams. They showed that noncoplanar plans consistently outperformed coplanar plans. 3 More interestingly, using the same algorithm, Rossi et al. 4 showed substantial dosimetric gains by increasing the number of noncoplanar beams from 12 to 25. Similarly, our group has optimized both the beam orientations and fluence maps for 12 lung SBRT cases using a 4π algorithm for both coplanar and noncoplanar plans. 5 We have demonstrated that with fewer than ten beams, the difference in R 50 (coplanar vs noncoplanar), defined as the ratio of the 50% isodose volume to that of the PTV, is insignificant and can be compensated for by using more coplanar beams, findings that have been previously observed. However, with more than 20 beams, R 50 of the noncoplanar plan is 30% less than that of the coplanar plan and can no longer be matched using more coplanar beams. Using the same method, we showed that clinical plans using primarily coplanar beams could be meaningfully improved for lung and liver SBRT patients. 5, 6 For example, using 4π planning, the mean normal liver volume receiving <15 Gy was increased by 51 cm 3 (range 21-107 cm 3 ) with a 31% reduction of the mean normal liver dose, when compared against two partial arc VMAT plans. For lung SBRT patients, the critical organ doses were reduced by 32%-72%. The substantial improvement in critical organ sparing would allow a 40% target dose escalation. Even for the prostate that is centrally located, a significant reduction in the V50%, V80%, and V90% values for the rectum was achieved using 4π. 7 Concerns about integral dose were alleviated by a recent study showing comparable noncoplanar and coplanar integral doses. 8 The effect of longer x-ray paths in noncoplanar plans was offset by a shorter average beam entrance-to-target distance.
In view of the newly emerged evidence, we believe that noncoplanar plans should be more extensively used for extracranial treatment since they consistently outperform coplanar plans. 
The negative consequences of using of noncoplanar beams in radiation therapy include (1) added treatment planning complexity, (2) greater potential for setup errors, (3) increased risk of collisions, and (4) longer treatment times. Consequently, noncoplanar beam arrangements are used infrequently in clinical practice and are rarely employed in the treatment of extracranial targets with IMRT. In fact, IMRT has largely obviated the need for noncoplanar beam arrangements. This is because IMRT uses optimized intensity patterns to overcome the geometric deficiencies of any individual beam angle.
The introduction of rotational IMRT techniques such as tomotherapy and VMAT has further simplified the process of selecting beam angles. These rotational IMRT techniques provide enormous flexibility in shaping the dose distribution. As a result, the addition of noncoplanar beams generally provides only an incremental dosimetric benefit. 9 This is evidenced by treatment planning studies comparing coplanar and noncoplanar delivery. These studies have not demonstrated a significant clinical advantage to the use of noncoplanar beams. [9] [10] [11] [12] [13] [14] [15] Additionally, the use of noncoplanar beams in treating extracranial targets will generally result in longer radiation pathlengths through the patient and a corresponding increase in the integral dose.
Noncoplanar beam arrangements complicate both the planning and the delivery process. In the treatment planning phase, the manual selection of noncoplanar beams can prove tedious because of the enormous number of possible beam configurations. 16 Several researchers have examined automated techniques for determining the optimal configuration of noncoplanar beams. This is a highly complex mathematical problem. Consequently, there is no robust commercial solution that optimizes the beam angle selection for noncoplanar IMRT. 9, 10 A significant concern with the use of noncoplanar beams is their negative impact on treatment times. The delivery process is encumbered by the need to move the treatment couch and gantry through an arrangement of noncoplanar beam angles. Additionally, great caution must be exercised when delivering noncoplanar beams due to the risk of collisions between the patient and the head of the linear accelerator.
11 This is why the use of automated couch rotations from the treatment console is often ill advised. Treatment planning systems generally lack sophisticated collision prediction algorithms. As a result, it is not uncommon to discover that a planned noncoplanar beam arrangement is in fact undeliverable.
This stands in contrast to coplanar VMAT where complex treatments can be delivered in a highly efficient manner using one or two arcs. VMAT offers a simplicity and efficiency that has led to its rapid clinical adoption and has further reduced the utilization of noncoplanar beam arrangements.
Overall, the more widespread adoption of noncoplanar beams for extracranial IMRT is unjustified at this time. The incremental dosimetric gains are generally not sufficient to outweigh the negative impact on both the clinical workflow and patient comfort, along with increased risks of intrafraction organ motion, setup errors, and collisions.
Rebuttal: Ke Sheng, Ph.D.
When IMRT was first introduced, it had many flaws. It was slow, the multileaf collimators were unreliable, the optimization algorithm was complex and commercially unavailable, and the quality assurance program was notoriously tedious.
Moreover, the integral dose increased due to both increased leakage and beam angles. Now, some 20 years later, the technical difficulties associated with early IMRT development have largely dissolved. The worries over integral dose have subsided with a few exceptions such as breast treatments, where IMRT is used sparingly. Similarly, technical challenges related to noncoplanar IMRT are surmountable. The computational complexity of integrated beam orientation and fluence optimization is manageable using the current generation of calculation platforms, which will only become faster. Automation, which many newer C-arm Linacs equipped with robotic couch and gantry are technically capable of, allows efficient plan delivery. Collisions can be prevented with pretreatment 3D modeling and the use of proximity sensors.
I agree with my colleague that rotational IMRT has significantly advanced radiotherapy by providing good quality yet efficient plans. The question we have to ask is whether or not the good plans meet all our needs. A recent study shows that, for centrally located and larger lung tumors treated with coplanar beams, normal tissue toxicity is still a major roadblock to the delivery of an effective tumor control dose. 17 Similarly, for patients with recurrent head and neck cancer, delivering a high dose to the tumor while sparing previously treated normal tissues is challenging. 18 In many cases, normal organs mediolaterally encompass the tumor exposing a fundamental limitation of the coplanar platform that cannot be compensated for by intensity modulation alone. Therefore, instead of affixing to the current technical hurdles that will be overcome, I claim that the dosimetric gains made possible by using advanced noncoplanar IMRT will surely benefit many patients and should be used more extensively. The treatment planning studies cited by Dr. Sheng have demonstrated a dosimetric benefit to the use of beam arrangements incorporating 20 or more noncoplanar beams. These plans do not serve as practical clinical solutions. The routine delivery of beam arrangements incorporating large numbers of noncoplanar beams would require the development and commercial availability of each of the following: (1) software capable of comprehensive optimization of noncoplanar plans including selection of the beam configuration; (2) software and hardware with sophisticated collision prediction and detection systems to ensure safe delivery; (3) tools to optimally sequence the delivery to maximize efficiency while accounting for all of the delivery limitations; (4) tools to deliver these plans in an automated fashion without the need to enter the room between beams. Additionally, treatment planning vendors would need to address the time consuming and resource intensive nature of these complex noncoplanar dose calculations and optimizations.
The use of exotic beam arrangements and complex noncoplanar arc paths is an area that merits further investigation. Significant work remains, however, to demonstrate a consistent dosimetric benefit and to mitigate the negative impact on the clinical workflow. In the meantime, clinicians will continue to use coplanar rotational IMRT as a safe, efficient, and effective delivery technique for extracranial IMRT.
